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Light Condenser 

TECHNICAL nELD 
[0001] This description relates to light condensers. 

BACKGROUND 

[0002] Light condensers are used for example, in extreme ultra-violet (EUV) 
lithography systems. In EUV, an EUV light source illuminates a mask having a 
lithography pattern. The projection optics may take the fomi of a combination of mirrors 
used to project an image of the lithography pattern onto a substrate (e.g., a silicon wafer) 
coated with a layer of photo-resist. The lithography pattern is transferred to the substrate 
by developing the photo-resist and etching exposed portions of the substrate surface. 
Because EUV light has a very short wavelength, it can be used to generate patterns on the 
substrate with very small dimensions. An EUV Ught source may be a plasma generated 
by focusing a high-energy laser beam onto a stream of inert gas, such as Xenon, to 
produce ionized gas molecules. The plasma may also be generated by an electric arc. 
Light rays are emitted when the ionized gas molecules transition from higher energy 
states to lower energy states. Plasma sources typically have irregular brightness 
distributions. For good results in lithography, it is desirable for the light that reaches the 
substrate to be relatively uniform. 

DESCRIPTION OF DRAWINGS 
[0003] FIG 1 shows an EUV Hthography system with a Kohler forming light . 
condenser. 
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[0004] FIGs. 2 and 3 show a Kohler forming light condenser. 
[0005] FIGs. 4-6 show ray tracing diagrams. 
[0006] FIG. 7 shows Kohler forming curves. 

DETAILED DESCRIPTION 

[0007] By using a condenser having reflective surface curvatures that produce Kohler 
illumination, uniform illumination for use in a lithography process may be generated 
from a spatially unstable or non-uniform light source. Referring to FIG 1, a lithography 
system 114 includes a plasma light source 116 that generates EUV Hght, a condenser 118 
that collects and focuses the light onto a mask 120 having a circuit pattern, and projection 
optics 122 that focus an image of the circuit pattern onto a wafer 124 coated with a 
photo-resist. The image of the mask is then transferred to the wafer 124 using an etching 
process. Condenser 118 has reflective rings that are concentric to an optical axis 126 and 
configured to reflect light rays from light source 1 16 to generate a substantially uniformly 
illuminated area (e.g., 165 in FIG 6) on the mask 120. It is useful to illuminate the area 
uniformly so that portions of the mask 120 that reflect light will produce uniformly 
illuminated regions on the photo-resist. This allows production of high-quality small- 
dimension circuit pattems on the wafer 124. 

[0008] The numbers on the horizontal and vertical axes of FIGs. 1 and 3-5 represent 
distances in millimeters. 

[0009] Each reflective ring in the condenser 1 1 8 produces an annular illumination with 

wave fronts of different rings converging to a circular region on the mask 120. This 

produces Kohler illumination on the mask so that irregularities in the brightness 

distribution of the light source do not cause irregularities in the intensity of the 
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illumination at the mask 120. Kohler illumination refers to using a uniformly illuminated 
region (or an image of the uniformly illuminated region) to illuminate an object (e.g., the 
mask), rather than using an image of the light source to illuminate the object. By using 
Kohler Illuminating the mask 120 with a substantially uniform field of light results in a 
5 more accurate reproduction of the mask pattern on the surface of wafer 124. 

[0010] A parameter called "partial coherence" is often used in the design of a 
lithography system. In the example of lithography system 114, partial coherence may be 
defined as the ratio of the numerical aperture of the light projected towards the mask 120 
over the numerical aperture of the projection optics 122. By adjusting the design to alter 

10 the value of partial coherence, it is possible to optimize the depth of focus and exposure 
latitude so that the process window is tuned to a particular photo-resist to produce fine 
and sharp circuit patterns through a lithography process. An advantage of condenser 118 
is that the different rings converge light onto the mask at different angles, so the reflective 
rings in condenser 1 18 provide light with a range of convergence angles. This allows the 

15 lithography system 1 14 to have a wider range of partial coherence values, providing more 
flexibility in the design of projection optics 122 and in the selection of photo-resists to 
achieve a higher resolution in the circuit patterns produced on the wafer 124. 

[001 1] Each reflective ring has a surface curvature such that the reflective ring is "non- 
imaging", i.e., light that is emitted from a point light source (within light source 116) and 
20 collected by each ring is converged to a field (e.g., 167 of FIG 5) having a finite area (as 
compared to "imaging" optics that converge light to a single point). Therefore, non- 
uniformities in the light source 116 tend to average out and impose fewer undesirable 
effects on the image quality produced on wafer 124. When a single ring is used, the solid 
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angle of light collection is related to the size of the field. To increase the solid angle of 
light collected by the ring, the field size has to be increased. By using multiple reflective 
rings, it is possible to increase light collection without increasing the area exposed to the 
light on the mask 124, thereby increasing the intensity of light illuminating the mask 120 
and wafer 124. 

[0012] A position control tool (not shown in the figure) may be used to control the 
relative positions of the condenser 118, mask 120, projection optics 122, and wafer 124 to 
align the various components and improve the image quality on the wafer 124. 

[0013] In the following description of condenser 1 1 8, the light rays reflected fi-om the 
condenser 118 are assumed to converge towards a plane 178 that is perpendicular to the 
optical axis 126. In operation, the mask 120 is positioned so that one surface of the mask 
having the circuit pattern is substantially aligned with the plane 178, but tilted at a small 
angle so that light reflected fi-om the mask 120 may be reflected towards the projection 
optics 122. 

[0014] In FIGs. 2-5, notation Rx,y will be used to refer to the y-th ray reflected by 
reflective ring x. For example, the first ray reflected by ring 138 is denoted Ri38,i. 
Referring to FIGs. 2-5, condenser 118 includes reflective rings 128, 130, 132, 134, 136, 
and 138. FIG 2 shows a perspective view of the condenser 118, and FIG 3 shows a cross 
sectional view of the condenser 118 along a plane 148 parallel to the surface of the paper 
showing FIG 3. Plane 148 passes through the optical axis 126. Ring 138 has an inner 
reflective surface 153 that includes portions 154 and 156 which are symmetric about the 
optical axis 126. Portion 154 reflects light rays (e.g., Rngj and Ri38^) emanating fi-om a 
point Pi into parallel light rays that project onto a region 164 (FIG 4) on a plane 178 that 
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is perpendicular to the optical axis 126. Portion 156 reflects light rays emanating from 
point Pi into parallel light rays that also project onto region 164. Portions 154 and 156 are 
thin strips (see FIG 3) on the inner reflective surface 153. Region 164 is a thin straight 
line. Portions 154 and 156 and region 164 lie on plane 148. 

5 [0015] By sweeping portions 154 and 156 about the optical axis 126 in a three- 
dimensional space, while maintaining the same angle between the portions and the 
optical axis, the surface swept by the portions 154 and 156 forms the reflective surface 
153. Reflective surface 153 comprises pairs of portions (similar to portions 154 and 156). 
Each portion of each of the pairs reflects light rays from point Pi into parallel light rays 
10 that project onto a region on plane 178 that is similar to region 164. The light rays 

reflected from the two portions of a pair project onto the same region. Because reflective 
surface 153 may be viewed as being formed by sweeping portions 154 and 156 about the 
optical axis 126, light reflected from iimer reflective surface 153 illuminates a circular 
region on plane 178 covered by rotating region 164 about the optical axis 126. 

15 [0016] Ring 138 includes a distal edge 150 and a proximal edge 152, each having a 
circular shape. The term "proximal" means closer to the light source 116, and the term 
"distal" means farther from the light source 116. Plane 148 intersects the inner reflective 
surface 153 at portions 154 and 156. Portion 154 meets edges 150, 152 at points Pi38,i 
and Pi38^j respectively. Portion 156 meets edges 150, 152 at points P1383 and Pi38,4, 

20 respectively. Points Pi38,i and Pns^ are located at diametrically opposite positions on 

edge 150. Points Pi38^ and Pi38,4 are located at diametrically opposite positions on edge 
152. 
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[0017] Similar to ring 138, ring 128 has an inner reflective surface 163 that includes 
portions 158 and 160 which are symmetric about the optical axis 126. Portion 158 
reflects light rays emanating from point Pi into parallel light rays that project onto region 
164 (see FIG 4). Portion 160 reflects light rays emanating from point Pi into parallel 
5 light rays that also project onto region 164. Portions 158 and 160 are thin strips on the 

inner reflective surface 163. Portions 158 and 160 and region 164 lie on plane 148 (which 
is parallel to the surface of the paper of FIG 3). 

[0018] By sweeping portions 158 and 160 about the optical axis 126, the surface swept 
by the portions 158 and 160 forms the reflective surface 163. Reflective surface 163 

10 comprises pairs of portions (similar to portions 158 and 160), each portion of the pair 

reflects light rays from point Pi into parallel light rays that project onto a region on plane 
178. The light rays reflected from the two portions of a pair project onto the same region. 
Because inner reflective surface 163 is formed by sweeping portions 158 and 160 about 
the optical axis, the region on plane 178 illimiinated by light reflected from inner 

15 reflective surface 163 is the circular region 167 formed by rotating region 164 about the 
optical axis 126. 

[0019] Ring 128 has a distal edge 162 and a proximal edge 164. Plane 148 intersects 
the inner surface of ring 128 at portions 158 and 160. Portion 158 meets edges 162, 164 
at points Pi28,i and Pi28^, respectively. Portion 160 meets edges 162, 164 at points P1283 
20 and Pi28,4, respectively. Points Pi28,i and P1283 are located at diametrically opposite 
positions on edge 162. Points Pi 28^ and Pi28,4 are located at diametrically opposite 
positions on edge 164. 
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[0020] In FIG 4, a light ray Ri38,i reflected from point Pi38,i (on ring 138) is projected 
onto a point P2 on plane 178. A light ray Rma reflected from point Pns^ is projected onto 
a point P4 on plane 178. A light ray Ri38,3 reflected from point Pi38,3 is projected onto 
point P4, and a light ray Ri38,4 reflected from point Pi38,4 is projected onto point P2. 
Points P2 and P4 are located at two ends of region 164. 

[0021] A light ray Ri28,i reflected from point Pi28,i on ring 128 is projected onto point 
P2. A light ray Ri28^ reflected from point P^s^ is projected onto point P4. A light ray 
Ri28,3 reflected from point P1283 is projected onto point P4. A light ray Ri28,4 reflected 
from point Pi28,4 is projected onto point P2. The reflective surfaces of rings 130, 132, 134, 
and 136 are designed to have properties similar to those of rings 128 and 138 so that the 
segments of the reflective surfaces intersected by plane 148 each reflects light rays from 
point Pi into parallel lines that illuminate region 164. The reflective surfaces of rings 130, 
132, 134, and 136 each reflect light from Pi onto the circular region 167 (FIG 5). By 
increasing the number of rings, the brightness or light intensity of the circular region 167 
may be increased. 

[0022] The reflective surfaces of rings 128, 130, 132, 134, 136, and 138 may be coated 
with a layer of ruthenium or other materials that enhance reflectivity of EUV Hght. The 
reflective surfaces may also have multilayer coatings suitable to reflect EUV light. 

[0023] FIG 6 shows a ray-tracing diagram of the mask 120, the projection optics 122, 
and the wafer 124. Light collected by the condenser 118 is converged onto a region 165 
(that is substantially aligned with region 167) on the mask 120. Light reflected from 
region 165 is projected by projection optics 122 onto a region 169 on wafer 124. A 
stepper tool (not shown) may be used to move the mask 120 and the wafer 124 
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synchronously to expose different portions of the mask 120 so that the entire circuit 
pattern on the mask 120 may be transferred to the wafer 124, 

[0024] Referring to FIG 7, portion 156 on ring 138 is a segment of a "Kohler forming" 
curvature 168 that is formed by rotating a parabolic curve (with focal point at point Pi) on 
plane 148 counterclockwise (as viewed from a position above the paper of FIG 7) about 
an axis 170 (not shown) that is perpendicular to plane 148 (which is parallel to the 
surface of the paper of FIG 7) and passes through point Pi. The angle of rotation is equal 
to the convergence angle ^(the angle between the light propagation path and the optical 
axis 126). Because a parabolic curve reflects Hght from its focal point into rays parallel to 
its central axis, a segment on the rotated parabolic curve reflects light from point Pi into 
parallel light rays that propagate at a convergence angle equal to the angle of rotation of 
the parabolic curve. Portion 154 is symmetric to segment 156 about the optical axis 126. 

[0025] The curvature 1 68 may be designed using the equation 

/. 0] = ~Csc'l0] Sec[0](' 4/ - 4/ Cos[20]-^ x 5/>i[e]+ 8 4? 4Cos^[o]{f - x Sin[e^ + jc Sin[3e^, 

(Equ. 1) 

where ^is the convergence angle of the parallel light rays,/is the focal length of the 
parabolic curve used to generate the curvature 168, x is the distance between a point Q on 
the curvature and the optical axis 126, and Z is the distance between the point Q and a 
plane passing through point Pi and perpendicular to the optical axis 126. The numerical 
aperture of the Kohler illumination is sin(0. The equation may also be expressed in open 
form as in a Taylor or other type of expansion of the equation. Approximate descriptions 
of the curvature expressed as truncated expansions of the equation may also be suitable to 
represent the shape of the curvature 168. 
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[0026] When angle 0 < 90 degrees, a Taylor expansion of Equ. 1 may be expressed as: 

Z[x,f,0]= A, +A,X+A,X' +A,X' + A,X' + A,X' + A^X* + A,X' + A,X* + A^X* +^„A"« +.. 
where the coefficients may be expressed as: 



2\Sin*[e] . 

^ 512/' 

' 1024/* 

429S'iw'[g] ; 
16384/' 

7155i/i'[g] .anH 
^ 32768/' 

^ _ 24315w'[g] 
" 131072/' 

[0027] To design condenser 1 1 8, the reflective surface of ring 1 28 is first determined. 
This is achieved by choosing the desired convergence angle 0 and focal length/ This 
determines a Kohler forming curvature 176. A portion (i.e., 160) is then selected fi-om the 
curvature 176. In selecting the portion, a consideration is the glazing angle of the light 
rays. The glazing angle is the angle between the incident light ray and the normal of the 
reflective surface. When EUV light is reflected by inner reflective surface (e.g., 153), the 
larger the glazing angle, the less damage caused to the reflective surface by the EUV 



^.=-/Sec^|^]; 
A=Tan]g/2\; 
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light. The portion 160 is then swept about the optical axis 126. The surface swept by the 
portion 160 becomes the reflective surface 163. 

[0028] Similarly, to design the reflective surface of ring 138, the desired convergence 
angle ^and focal length / are chosen, which determines a Kohler forming curvature 168. 
A portion (i.e., 156) is selected from the curvature 168. Portion 156 is swept about the 
optical axis 126. The surface swept by portion 156 becomes the reflective surface 153. 

[0029] In designing the reflective surfaces for the rings 130, 132, 134, 136, and 138, the 
focal length of the Kohler forming curvature for each ring, as well as the positions of the 
portions on the curvature, are optimized so that a ring farther from the light source 
(located at Pi) does not block light rays reflected from rings closer to the light source. 
The focal length and the curve segments on the Kohler forming curvature are also 
selected in consideration of the overall size of the light condenser 118. 

[0030] In operation, a plasma gas is generated at point Pi to produce EUV light. 

Because the plasma gas has a finite volxune, the plasma light source may be viewed as a 

collection of point light sources, with the locations of the point light sources changing 

within the finite volume over time. The condenser 118 projects light rays from a point 

light source slightly offset from point Pi into a uniformly illuminated region similar to 

region 167 (FIG 5) but with a slightly skewed shape and position. Each point light source 

that is offset from point Pi produces a uniformly illuminated region with slightly different 

skewed shape and position (as compared to the circular shape of region 167). 

Collectively, the light rays from different point light sources are projected by the 

condenser 118 into uniformly illuminated regions that overlap to produce a substantially 

uniformly illuminated region 165 (FIG 6). Region 165 is mostly uniformly illuminated 
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except for the edges of the region. As the substantially uniformly illuminated region 165 
is scanned across the mask 120, the irregularities at the edges of region 165 tend to have 
little effect in the overall lithography process. As a result, the irregularities in the 
brightness distribution of the plasma light source has little effect in the quality of the 
circuit patterns produced on the wafer 124. 

[0031] The mask 120 is placed at a slight angle from plane 178 so that light reflected 
from the mask may be directed towards the projection optics 122. Placing the mask 120 
at a slight angle from the plane 178 has little effect on the uniformity of brightness of 
light projected onto the patterns on the mask 120. 

[0032] Although some implementations have been described above, other embodiments 
are also within the scope of the following claims. 

[0033] For example, the lithography system 114 may be used with an entrance pupil 
and a secondary condenser. The entrance pupil filters out the edges of the illuminated 
circular region 167 where there may be some irregularities in the brightness of 
illumination. The mask 120 may be viewed as being illimiinated by the image of the 
entrance pupil. Instead of using a reflective mask, a stencil mask that allows light to pass 
through certain regions may be used. When a stencil mask is used, the mask does not 
need to be tilted relative to the optical axis 126. Light sources other than a plasma light 
source may be used. The number of reflective rings may be varied. The width of the 
reflective rings may be varied. Rather than using rings, arcs that form segments of the 
rings may be used. The wafer 124 may be substituted with other types of substrates. 



11 



